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N labeling and delineation of heteronuclear scalar couplings with tripleresonance experiments (3) (4) (5) (6) (7) . In these experiments, the transfer of magnetization along networks of scalar-coupled spins includes long delays during which 13 C and 15 N magnetization evolve in the transverse plane. Fast transverse relaxation during these delays and during 1 H acquisition, limits the application of tripleresonance NMR experiments with larger proteins. For experiments that exclusively correlate 1 H N , 15 N, and 13 C, the situation has been improved by 2 H-labeling of the 13 CH n moieties, which eliminates dipolar 13 C relaxation by the directly attached protons (8) and reduces 1 H N line broadening by dipole-dipole (DD) coupling with remote protons. However, uniform deuteration also imposes stringent limitations on the structural information that can be obtained by NMR (8, 9) and does not significantly reduce 15 N relaxation during the delays when this spin is in the transverse plane. Here, we propose to extend the application of triple-resonance experiments by using the principle of transverse relaxation-optimized spectroscopy (TROSY) (10) . TROSY suppresses transverse relaxation in with TROSY stems from the reduced T 2 relaxation rate of 15 N, TROSY will benefit triple-resonance experiments with deuterated as well as protonated proteins. In this paper, we present experimental schemes for the implementation of TROSY in the amide proton-to-nitrogen-to-␣ carbon correlation (HNCA) and amide proton-to-nitrogen-to-carbonyl carbon correlation (HNCO) experiments, which correlate the 15 N-1 H(i) group with 13 C ␣ (i) and 13 C ␣ (i Ϫ 1), and with 13 CO(i Ϫ 1), respectively (11, 12) . For a quantitative evaluation of the sensitivity gain that can be achieved, we compare [ N steady-state magnetizations are used at the outset, and the density matrix after the first insensitive nuclei enhanced by polarization transfer (INEPT) step at time point b in Fig. 1 becomes
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where the constant factors u and v represent the relative magnitudes of the steady-state (20) . Only the N s Ϫ and N s ϩ terms are transferred to detectable magnetization after the single transition-to-single transition polarization transfer (ST2-PT) element (18) (time points e-f in Fig. 1 ). During the ct period T͞2 between time points b and c, the N s Ϯ spin operators evolve due to the 15 to the two neighboring ␣-carbons, 13 C ␣ (i) and 13 C ␣ (i Ϫ 1 
In Eq. (25) . A Bruker DRX-750 spectrometer equipped with four radio-frequency channels was used. Data processing included zero-filling and sine bell filtering (26) , using the program PROSA (27) , and the spectra were analyzed with XEASY (28) . For gyrase-23B and FimC at 20°C, the isotropic rotational correlation time, c , was estimated from the T 1 ͞T 2 ratio of the backbone 15 N nuclei (29) to be 15 ns.
RESULTS
The pulse sequence of shows the corresponding strips from a conventional HNCA experiment (13) recorded with identical conditions. Using TROSY, all sequential 1 H N - 13 C ␣ connectivities could be identified, as indicated by the broken lines (Fig. 2a) , whereas with conventional HNCA no reliable sequential assignment was possible ( Fig. 2b) . A more quantitative assessment of the gain in signal-to-noise is afforded by the cross sections in Fig. 2aЈ and bЈ. Data of this type were collected in Fig. 3 for the complete sequence of gyrase-23B. In [ 15 N, 1 H]-TROSY-HNCA (Fig. 3a) , nearly all sequential cross peaks were present with sufficient intensity to allow sequential assignments, which was feasible only for a fraction of the sequence when conventional HNCA is used (Fig. 3b) . TROSY also yielded greatly increased intensities of the intraresidual correlation peaks [ 1 ( Fig. 3aЈ and bЈ) . In line with theoretical considerations (10), the highest sensitivity gains were obtained for the immobilized core of the protein, with values of 2.9 for the ␣-helices and 3.4 for the ␤-sheets. The average sensitivity gain for sequential and intraresidual correlation peaks of the entire protein was 2.4-fold.
Measurements corresponding to those in Figs. 2 and 3 also were performed with uniformly 13 ulses. On the line marked 13 CO, three selective 180°pulses are applied off-resonance with a duration of 120 s and a Gaussian shape. The line marked PFG indicates the durations and amplitudes of pulsed magnetic field gradients applied along the z-axis: G1: 800 s, 15 G͞cm; G2: 800 s, 9 G͞cm; and G3: 800 s, 22 G͞cm. The delays are ϭ 2.7 ms and T ϭ 44 ms. The phase cycle is: 1 ϭ {y, Ϫy, Ϫx, x}; 2 ϭ {4x, 4(Ϫx)}; 3 ϭ {Ϫy}; 4 ϭ {Ϫy}; rec ϭ {y, Ϫy, Ϫx, x, Ϫy, y, x, Ϫx}, with all other radio-frequency pulses applied with phase x. A phasesensitive spectrum in the 15 N(t1) dimension is obtained by recording a second FID for each t1 value, with 1 ϭ {y, Ϫy, x, Ϫx}, 3 ϭ {y} and 4 ϭ {y}, and data processing as described by Kay et al. (41) . Quadrature detection in the 13 C ␣ (t2) dimension is achieved by the States-TPPI method (42) applied to the phase 2. The use of water flip-back pulses (43) at times a and e ensures that the water magnetization stays aligned along ϩz throughout both the ct period T and the data acquisition period t3. Residual transverse water magnetization is suppressed immediately before data acquisition (44) . The scheme is used for two alternative experiments. For 2 H-labeled proteins, 2 Hdecoupling during t2 is achieved with WALTZ-16 composite pulse decoupling (45) at a field strength of ␥B2 ϭ 2.5 kHz. For measurements with protonated proteins, selective 1 H ␣ -decoupling during the 13 C ␣ (t2) evolution period is applied instead, using a DIPSI-2 decoupling scheme (46) with ␥B2 ϭ 0.51 kHz. The two selective pulses on the water resonance before and after DIPSI-2 ensure the correct treatment of the water during the subsequent t1 and t2 evolution periods.
entire protein was 1.5-fold, with a sensitivity gain of 1.7 for the regular secondary structures, which in FimC consist exclusively of ␤-sheets.
The pulse scheme of the [ (30) . From a corresponding data set to Fig. 3 , the average gain in sensitivity for the entire protein was found to be 2.4-fold, with values of 2.5 and 2.9 for the ␣-helices and the ␤-sheets, respectively.
DISCUSSION
The HNCA and HNCO measurements (Figs. 2-4 
where A T and A (Table 1) .
The sensitivity gain (Eq. 8) depends on the molecular size. N (i Ϫ 1), 1 H N (i ϩ 1), and 1 H N (j) at 4.3, 4.3, and 3.3 Å (2) . Remote protons are 1 H N (i Ϫ 1), 1 H N (i ϩ 1), 1 H N (i Ϫ 2), and 1 H N (i ϩ 2) (31, 32) , and HN(CO)CACB (7,33) (M.S., G.W., K.P., H.S., and K.W., unpublished results). Overall, the present investigation predicts that TROSY-type tripleresonance experiments (Figs. 1 and 4) will be applicable for the assignment of significantly larger proteins than the corresponding conventional triple-resonance experiments. The predictions of Fig. 5 may serve as a platform for estimating the feasibility of resonance assignments and the instrument time needed for particular proteins in the size range 10-250 kDa. Thereby, one has to take into account that these curves can only provide a general guideline, since the CSA parameters may be somewhat variable in the individual amino acid residues (34-38). 
In this basis, the Liouville matrix in the rotating frame has the diagonal form given by Eq. A2: 
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